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SUMMARY 
Liquid metal distillations involving the tin-zinc, cadmium-bismuth, 
and indium-zinc binary systems were conducted in an evacuated chamber. 
An x-ray fluorescence spectrometer provided a continuous chemical analysis 
of the distilling surface during each run. This information was used 
to evaluate the validity of various theories and assumptions concerning 
surface depletion, oxide contamination and turbulence effects., 
The existence of a large surface depletion effect in non-turbulent 
metal distillations was proven. However, the level of turbulence necessary 
to eliminate concentration gradients was found to be much lower than that 
assumed by several designers of commercial equipment. Also, the presence 
of surface oxides was often found to be the dominant factor in determining 
the enrichment and rate of distillation. 
The Langmulr-Knudsen theory was found to be unreliable when liquid 
diffusion or surface oxide resistances were significant. An alternative 
approach involving the methods of transport phenomena was developed. 
An analytical solution was derived for the non-turbulent case and was 
tested using the spectrometer data. 
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INTRODUCTION 
Vacuum dietillation is rapidly gaining promise as a unit process 
for the separation of metals. Chiefly responsible for this improved 
economic position are recent advances in the field of liquid metal 
containment and in the technology of vacuum systems. The principal 
applications of metal distillation now being studied are the production 
of high-purity metals, the reprocessing of nuclear fuels, and the separa­
tion and decontamination of radioisotopes. 
The process of metal distillation differs in many respects with that 
of conventional distillation. In the latter case, formation of vapor 
bubbles below the liquid surface can occur at sites of local superheat 
and low pressure. Bubbles apparently are never formed for the case of 
liquid metal distillation due to the relatively high thermal conductivity 
and hydrostatic head. As a result, the process is essentially one of 
surface evaporation as contrasted to a boiling phenomenon. 
Distilling molecules encounter four resistances in moving from the 
liquid metal to the condenser: (l) diffusional resistance in moving 
from the interior to the surface of the liquid, (2) evaporational 
resistance, (5) vapor phase mass transfer resistance, and (4) condensation 
resistance. 
This work will deal with the case commonly known as molecular 
distillation, for which the vapor phase mass transfer resistance is 
negligible. Molecular distillation may be defined as a distillation 
process operated under conditions of high vacuum such that only a 
negligible fraction of the molecules which vaporize ever return to the 
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distilland surface. The term "molecular distillation" apparently-
originated from the belief that the molecules are in free molecular flow 
as contrasted with the continuum, slip flow, and transition regimes in 
gas dynamics. It should be noted that the condenser may be located many 
mean free paths from the distilland surface and still conform to the 
above definition. 
Work in the molecular distillation field has been conducted mainly 
on two fronts: (A) a theoretical development based on variations of 
early work by Langmuir (ig, 20) and Knudsen (l6), and (B) an empirical 
approach first espoused by Hickman and co-workers (9, 10, 11, 12, 15, l4). 
Unfortunately, neither method has achieved much success for the case of 
liquid metals. The Langmuir-Knudsen theory has proven to be very 
unreliable for the prediction of distillation rates and enrichments in 
commercial equipment. The empirical approach was developed for organic 
chemical separations and its applicability to metal distillation is 
questionable. For many years, investigators have been hindered by the 
lack of reliable information concerning the basic mechanisms and control­
ling variables of molecular distillation. This has resulted in several 
contradictory theories and assumptions in the field. 
In this experiment, surface concentrations were measured accurately 
using an x-ray fluorescence spectrometer mounted on a vaporization chamber 
under molecular distillation conditions. This information has been used 
to evaluate the validity of various theories and assumptions, specifically 
those dealing with the effects of surface depletion, oxide contamination, 
and turbulence. 
lANGMŒLR-KNUTSM THEORY 
In 1913 Langmulr (20) developed an equation from the kinetic theory 
of gases which relates the rate of evaporation to the vapor pressure for 
single-component systems. This equation has provided the foundation for 
virtually" all the theoretical work in the metal distillation field until 
the present and is known as the Langmulr equation: 
W = (l-r)P i M/27tRT grn/sec-cm^  (l) 
r = coefficient of reflection, the fraction of incident vapor 
molecules which strike the distilling surface and reflect 
without condensing 
W = rate of evaporation 
P = equilibrium vapor pressure 
M = molecular weight 
T = absolute temperature 
R = gas constant 
The reasoning and assumptions involved in the development of this 
equation are very simple although frequently misunderstood. Langmulr 
first considered a hypothetical metal surface in equilibrium with its 
saturated vapor. The vapor molecules were assumed to obey the Maxwell-
Boltzmann velocity distribution; 
, , MVj 
I ™ 
N = number of molecules in the volume under consideration 
= velocity component in the x direction 
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The nimber of molecules striking a unit area per second in a 
Maxwellian vapor may be easily determined using the kinetic theory of 
gases. In terms of the commonly used mass units, the incident flux of 
vapor molecules may he expressed as P i M/23tRT grams per second per unit 
area (25). Since the system is at equilibrium, there is no net flow and 
the evaporation rate equals the rate at which vapor molecules condense 
at the surface, (l-r)P rM/2jtRT. However, if the evaporation rate and the 
residual gas pressure are sufficiently low, negligible numbers of colli­
sions occur in the vapor phase and the evaporating molecules are unaffected 
by the condensing molecules. For this case, Langmuir reasoned that the 
rate of evaporation into a high vacuum would be the same as the rate of 
evaporation in presence of saturated vapor and could therefore be 
expressed by Equation 1. 
It must be pointed out that the Langmuir equation is highly idealized 
due to its artificial nature and the many assumptions made. In fact, the 
restrictions are so stringent that applications are seldom found without 
one or more of the assumptions being violated to some extent. For example, 
commercial evaporation processes are generally carried out at high rates of 
transfer with a great number of molecular collisions in the vapor phase. 
For this case, the rate of evaporation into a high vacuum would not equal 
the rate of evaporation in the presence of the corresponding equilibrium 
vapor and the Langmuir equation appears to be inapplicable. 
An important assumption for liquid-metal evaporations is that the 
surface is clean and oxide-free. This is frequently a very difficult 
situation to achieve in practice. It is also generally assumed that 
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there is a negligible surface cooling effect during evaporation, and that 
the coefficient of reflection is zero. The validity of these three 
assumptions has been challenged by various investigators (5> l8, 25, 25). 
Until the present, the greatest success of the Langmuir equation 
has been in the description of the behavior of Knudsen equilibrium cells. 
However, these cells are frequently not at true Maxwellian equilibrium 
but are merely at steady-state. This condition can occur when the mean 
free path of the vapor molecules is very large relative to the dimensions 
of the chamber. In this case, a large fraction of the molecules in the 
vapor at any time will have recently been emitted from a hot wall, without 
having experienced sufficient gas phase collisions to allow the molecular 
velocities to adjust to a Maxwell-Boltzraann distribution. Also, for a 
low evaporation rate in a highly evacuated Knudsen cell, the kinetic theory 
assumption of randomly directed vapor molecules may be violated. Despite 
these considerations, it has been demonstrated that the Langmuir equation 
works very well for Knudsen cells. Apparently, it is not necessary for 
all the assumptions of the kinetic theory, etc., to be met for the Langmuir 
equation to be applicable. Unfortunately, it is very difficult to predict 
in advance the degree of assurance with which the equation can be used for 
a given physical situation and a particular set of violated assumptions. 
Equation 1 was soon modified for the case of multicomponent systems 
and became known as the Langmuir-Knudsen equation; 
\ ' (l-r) ''a % •fâî gn./sec-onf (5) 
= rate of evaporation of component A 
7^  = activity coefficient of component A in the liquid phase 
7 
= mole fraction of A in the liquid phase 
= equilibrium vapor pressure of pure A at the temperature of the 
system 
This equation has proven quite successful for the description of 
certain equilibrium distillation phenomena and has resulted in accurate 
determinations of partial pressures and activity coefficients for numerous 
systems. However, for the commercially important case of non-equilibrium 
distillation of multi-component systems, the theory has proven to be very 
unreliable. Distillation rates and enrichment factors predicted by the 
Langmuir-Knudsen equation frequently vary by several hundred percent from 
that achieved in practice. There have been many theories to account for 
the discrepancy: 
1. The surface may become depleted of volatile molecules due to 
liquid diffusion controlling the mass transfer (5, 6, 24). 
2. The surface may accumulate oxides or other contaminants which 
act as a barrier to the mass transfer (4, 11, l8). 
5. Condensation of the vapor may be incomplete due to specular 
reflection or re-evaporation (4, 28). 
U. The liquid phase may be very non-ideal and the activity coeffi­
cients unknown (22). 
5. The distillation rate may be controlled by the rate at which heat 
is transferred to the surface to provide the latent heat of 
vaporization (25). 
6. One or more of the kinetic theory assumptions implicit in the 
Langmuir-Knudsen equation may be violated. 
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This work is primarily concerned with the case of liquid-metal 
distillation for which the principal difficulties appear to be surface 
depletion and oxide "barriers. The purpose of this experiment was to 
verify the existence of these effects and to determine their magnitudes 
under various conditions. 
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NON-EQUILIBRIUM METAL DISTILLATION 
Equilibrium molecular distillation is of little commercial interest 
since the principal effect of the equilibrium conditions is a severe 
lowering of the rate of distillation. Commercial high-vacuum distillation 
units are always operated under conditions of extreme non-equilibrium. 
Contacting of the liquid and vapor phases is known to be undesirable and 
is kept to a minimum. Until the present, the only theory available for 
the prediction of distillation rates and separation factors has been the 
Langmuir-Knudsen equation which in its present form appears to be 
inapplicable for non-equilibrium distillation. 
Much of the pioneering work in the molecular distillation field 
was done by Hickman and coworkers, who built several commercial units for 
the separation of high molecular weight organic chemicals (9, 10, 11, 12, 
13, l4). Hickman found that liquid diffusion would control the distillation 
rate unless the surface was highly agitated. For most applications, a 
falling-film column was recommended to prevent surface depletion of the 
volatile component and. to provide a large distillation area. The conden­
sation resistance was shown to be negligible and the vapor-phase mass 
transfer resistance to be of secondary importance. A modification of the 
Langmulr-Knudsen equation was used to estimate the evaporative resistance. 
Based upon equipment costs of twenty-five years ago, an operating vacuum 
of about 15 microns was selected as the economic optimum. Hickman 
accumulated a great deal of empirical technology for this process which 
can be applied for most organic chemical separations. 
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However; there are some important differences for the case of metal 
distillation. Most metals tend to accumulate surface oxides which form 
an additional resistance to the distillation. Also, the molecular 
diffusivities of liquid-metals are generally much higher than those of 
heavy organics. Consequently, surface depletion would be expected to be 
somewhat less of a problem for metal distillations. It is possible that 
expensive falling-film or mechanically-stirred units are unnecessary for 
metal distillations. 
Kràkoviàk (17) demonstrated that actual boiling of liquid-metals 
can occur for cases of very high temperature gradients. However, this 
condition is impractical for distillation purposes since the mechanism 
for the mass transfer consists of violent explosions which would result in 
severe contamination of the condensate. E\'en at non-boiling conditions, 
liquid-metal surfaces have been observed to be very unstable. This could 
result in an entrainment problem, especially for distillations carried 
out under turbulent conditions where splattering would more readily occur. 
There are many interesting contrasts in the various papers published 
by workers in the metal distillation field. Davey (4) assumes that it is 
always necessary to provide turbulent surfaces in order to avoid surface 
depletion. However, Spendlove (25) completely ignores the problem of 
surface depletion although his distillations are conducted at high rates 
with stagnant surface conditions. Surprisingly, Spendlove's results are 
in fair agreement with the Langmuir-Knudsen theory. Meinke (22) also 
ignored the possibility of surface depletion and distilled from stagnant 
crucibles. However, he reported an enrichment which was several orders of 
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magnitude below that predicted by the Ls,ngmulr-Knudsen equation. Many-
other investigators have reported experimental results which are not 
consistent %lth the Langmulr-Knudsen theory (l, k, 6, 26). A very complete 
summary of the work in the metal distillation field was given by Westerhelde 
(27) in 1963. 
The phenomenon of non-equilibrium metal distillation is very 
difficult to depict analytically. The concept of "pressure" loses its 
meaning in a gas stream whose molecules are moving predominantly in one 
direction. In general, thermodynamic quantities such as activity coeffi­
cient, temperature, etc., are defined only for systems at thermodynamic 
equilibrium and cannot be used rigorously for other systems. For example, 
the concept of "mean free path" has little significance in a non-equilibrium 
distillation vapor. The concentration of vapor molecules decreases as 
one moves away from the distilling surface and hence the "mean free path" 
varies constantly with position and in fact is undefined. 
It appears that a solution of the metal distillation problem using 
methods of transport phenomena should be attempted. However, it would 
take several years to develop this science to a point where it could 
become useful for equipment design. At present, completely empirical 
methods must be employed for metal distillation designs, despite the lack 
of agreement concerning the basic assumptionB to be made. 
The purpose of these experiments is to verify the existence of 
surface depletion and oxide effects and to determine their magnitudes under 
various conditions. This information should be of immediate use to 
designers of commercial metal distillation process equipment. In addition, 
the feasibility of a transport phenomena technique vas tested. 
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SURFACE CONCENTRATION MEASUREMENTS 
The surface concentration of the distilling liquid metal is measured 
continuously in this experiment using an x-ray fluorescence spectrometer. 
A schematic drawing of the apparatus is given in Figure 1. 
The photons generated by the x-ray tube are collimated into a 
narrow beam which is incident on the distilling surface. This primary 
radiation consists of a continuous spectrum of mixed-energy x-rays 
which interact with the surface molecules. Due to the long wave-lengths 
involved in this experiment, the photoelectric effect is the dominant 
process and absorption occurs almost totally within a very shallow 
surface layer (7, 8, 21). Secondary radiation is emitted from the 
surface and consists almost entirely of fluorescent K x-rays with 
energies characteristic of the elements at the metal surface (2). A 
small fraction of these characteristic x-rays enter the acceptor tube, 
pass through the 0.00025 inch mylar window, and are incident on the 
scintillation detector. The energy spectrum consists primarily of 
characteristic x-ray peaks superimposed on background. The relative 
intensities of the peaks are strong functions of concentration and provide 
a chemical analysis of the distilland surface. 
Most fluorescence spectrometers separate the x-rays of different 
energies by means of a dispersive crystal. However, Liebhafsky (21) 
states that a non-dispersive spectrometer is more advantageous than a 
crystal system for a case where the x-ray spectrum consists of relatively 
few lines which are well separated. Since this conforms to the conditions 
of this experiment, an intermediate crystal was not used. Instead, the 
X - R A Y  T U B E  
PRE AMP 
I 
P.M.TUBE 
NO.I 
AMP 
SINGuE 
CHANNEL 
ANALYZER 
SCALER 
TO 
VACUUM 
V>J 
Figure 1. Schematic drawing of the equipment 
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x-rays of different energies were separated electronically using a 
single-channel analyzer in conjunction with a scintillation detector and 
associated equipment. 
The equipment was first tested with solid zinc-tin samples of known 
concentration. The resultant spectra consisted of only two detectable 
peaks. Subsequent tests with pure zinc and pure tin samples resulted in 
the identification of these peaks as the K-shell x-rays of zinc and tin. 
As expected, the peak of lower energy corresponded to zinc. Figure 2 
shows a typical spectrum for a 25^  zinc sample (by weight). 
The optimum operating conditions of the spectrometer were impossible 
to determine prior to the experiment. The variables included x-ray voltage 
and amperage, photomultiplier-tube voltage, and the window-width of the 
single-channel analyzer. Unfortunately, the optimum conditions vary 
widely for different elements and a compromise set of conditions was 
needed to allow accurate measurement of both the zinc and tin peaks. 
Since the zinc peak was by far the more difficult one to measure, the 
criterion in this experiment was to maximize the signal-to-noise ratio 
for the zinc x-rays. Spectra were determined for the 25^  zinc sample 
for a great many combinations of the operating variables. In this way, 
an "optimum" set of conditions was estimated to consist of 40,000 volts 
and 20 milliamperes for the x-ray tube, 1,200 volts for the photomultiplier 
tube, and a 2.00 volt window-width for the single-channel analyzer. These 
operating conditions were used throughout the calibration and distillation 
tests of this experiment. 
The equipment was calibrated for the zinc-tin system using eleven 
dummy samples of known concentration ranging from zero to 100^  zinc. 
15 
500 
25% ZINC SAMPLE 
TmillXERES] 
1200 PHOTOMULTIPLIER VOLTS 
2.00 VOLT AE SETTING 
0 TIN 400 
ZINC 
300 
200 
100 
300 100 500 700 900 
" E "  D I A L  S E T T I N G  O N  S I N G L E  -
CHANNEL ANALYZER -
Figure 2. Typical zinc-tin spectrum 
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Analysis of the spectral data indicated the most concentration-sensitive 
parameter to be the ratio of the peak counting rates. The x-ray fluores­
cence spectrum was determined for each sample and the ratio of peak 
heights measured experimentally 10-25 times. The calibration curve 
consists of a plot of concentration versus peak-height-ratio and is given 
in Figure 3. Several unknowns were tested using this spectrometer and 
calibration curve and the analyses were found to be accurate to + 0.5/» 
on the average. A calibration curve was also prepared for the zinc-indium 
system in a similar manner. 
Several tests were made with liquid alloys of known surface concen­
tration and no detectable deviations from the calibration curves were 
found. Hence it was assumed that the calibration curves were unaffected 
by temperature changes and by solid-liquid transitions. 
It is felt that the concentrations measured in this experiment are 
representative of the upper 0.0005 inch of the distilling metal surfaces. 
This is based on critical depth calculations as outlined in Liebhafsky 
(21). 
An impressive feature of the x-ray fluorescence method of analysis 
is that the liquid-metal surfaces are undisturbed during the measurements. 
This non-destructive testing allows for a continuous monitoring of the 
surface concentration during distillation without the introduction of 
new variables. 
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Figure 5. Zinc-tin calibration curve 
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mTEEMA-TICAL TREA.TMEaW 
In an effort to find an alternative to the Langmuir-Knudsen theory 
for the case of non-equilibrium metal distillation, the following 
transport theory was developed. 
The diffusion and circulation of liquid metals in the bulk of a 
distilling system may be represented by the equation 
= - (DI + E) ' VC^  (^ ) 
 ^= Diffusion rate of component A, gm/sec-cn^  
D = Molecular diffusivity 
I = Unit tensor 
E = "Eddy" diffusivity tensor 
= Concentration of component A, gra/cvP 
The eddy diffusivity tensor, E, represents the mixing which results 
from density gradients, agitation, vibration, etc. If this quantity 
were known, the boundary value problem for molecular distillation could 
be solved using numerical analysis. In many static systems, the eddy 
mixing is negligible relative to the rate of molecular diffusion. In 
these cases. Equation 4 reduces to Pick's Law and an analytical solution 
is possible. 
Surface depletion can occur when the term E is small relative to the 
random molecular diffusion term DI, which by itself may not be large 
enough to cause the volatile component to be replenished at the evaporat­
ing surface. This can cause a large reduction in the rate of distillation 
and the degree of separation. However, this surface depletion effect 
can be eliminated by distilling under conditions of surface turbulence. 
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This may be thought of as an artificial increase in the magnitude of the 
E tensor to an extent where the liquid-diffusion resistance becomes 
negligible. 
Turbulence may be provided by a variety of methods including 
mechanical agitation, sparging with inert gases, operation at high heat 
fluxes, and use of a falling-film column. Unfortunately, these methods 
are generally expensive and often result in badly contaminated products 
especially when the condenser is located very near the distilling surface. 
Distillation from non-turbulent liquid-metal pools is recommended except 
in cases where a large surface depletion effect is known to exist and a 
high-purity product is not essential. 
Consider a static binary system of two liquid metals, A and B, 
being distilled isothermally from a graphite crucible. Assume that the 
diffusion flux of volatile component A may be represented by the equation: 
= - D gm/sec-cnf (5) 
Taking a mass balance, the following differential equation is easily 
derived (see Appendix A): 
The problem now reduces to one of determining boundary and initial 
conditions which depict the physical situation, and then solving the 
resulting boundary value problem. A reasonable but not necessarily valid 
set of conditions are; 
Initial condition; C^ (X,0) = 
Boundary condition 1; C^ (oo,t) = 
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Boundary condition 2: -D (^ j~)xsO 
C represents the concentration of volatile c mp.m'mt A at the distilling 
surface and is the "bulk concentration. The • s-re escapability, a, is 
defined by the relationship: 
= a Cg gm/sec-cnf (7) 
From this definition, a must be proportional to the 'obability of 
a molecule of component A at the surface, escaping from the surface per 
unit time, t. a may be thought of as a mass transfer coefficient dealing 
with the entire evaporational resistance, a includes the effects of 
contaminant barriers and for the case of a perfectly clean surface may be 
estimated using the Langmuir-Knudsen equation. 
The above boundary value problem was solved by use of a Laplace 
transform technique (see Appendix B), and the following equation derived: 
,cf t\ ^ J cf t 
C 
o 
= EXP (^ ) erfc  ^ (8) 
The ratio Cg/C^  represents the degree of surface depletion which 
occurs during the distillation and is a function only of time and the value 
of g-. D and a are physical properties of the particular liquid metal 
system chosen and can be measured using the methods of this experiment. 
o^ t 
The dimensionless term appears to have a special significance since it 
alone determines the degree of surface depletion. Figure shows the 
variation of surface depletion with time for various values of —, 
as predicted by Equation 8. 
The rate of distillation is given by Equation 7 which is the counter­
part to the Langmuir-Knudsen equation. The surface concentration, C^ , 
CO 
= 10 
,-7 o 
- =10 
u_ 
2 0.6 
(-3 -4  ,-5 r6 
-^ =10 = 10 
UJ 
< 02 
u_ ir 
=3 
tn 
0.0 
104 
TIME (SEC.) 
Figure 4. Surface depletion factor vs. time using Equation 8 
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varies strongly with time and is expressed by Equation 8. These equations 
may be considered to be of general application for all non-turbulent metal 
distillations involving one volatile component and could be used for 
commercial designs if values of a and D were available. Unfortunately, 
the literature contains very little information concerning either property. 
This research generates values of C , and t. Experimental 
values of — may be directly calculated from the data using Equation 8. 
The surface escapability, a, may be obtained by integrating 
Equation 7 with respect to time. 
J  
o 
dt = a  \  Cgdt ^ (9) 
cm^  
Multiplying both sides of Equation 9 by the surface area, A, and rearrang­
ing, we obtain: 
A I dt 
a = r (10) 
A C; dt A j C, dt 
% '-'o 
'}l/. is the total number of grams distilled during the run, A is the known 
rt 
surface area, and j C^ dt may be determined by a graphical integration 
So 
of the C versus t data. 
s 
An interesting by-product of this research is the development of a 
unique method for the measurement of liquid metal diffusivities. D is 
P 
obtained by dividing oP by — . This method has the potential of provid­
ing values of D of much higher accuracy than the sparse data available in 
the literature. However it is limited to metal systems of one volatile 
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component and to temperatures which would result in measurable distilla­
tion rates. 
Equation 8 is somewhat idealized and should not be treated as an 
exact solution of the molecular distillation problem. Most liquid metal 
systems exhibit positive deviation from Raoult's Law and a is usually 
a slight function of the surface concentration. Also, the diffusion 
coefficient defined by Equation 5 is not a true constant but is a function 
of the concentration, C^ . Pick's Law is generally considered valid only 
at low concentrations of the diffusing component. Other sources of error 
include the assumption of a homogeneous layer of oxide on the surface 
which does not change during the experiment, the approximation of the 
crucible geometry by a semi-infinite cylinder, and the assumption that 
E equals zero. 
Despite these considerations, it is anticipated that Equations 7 and 
8 will predict non-equilibrium distillation behavior more accurately than 
the Langmuir-Knudsen equation. A more rigorous transport solution is 
possible through the selection of more complex assumptions and boundary 
conditions. 
2k 
EQUIPMENT 
X-Ray Generation Unit 
The primary x-ray beam was produced with a Machlett OEG-50 x-ray 
tube connected to a 50^ 000 volt power supply. Figure $ is a photograph 
of the OEG-50 which is an oil-insulated, hermetically sealed, water-cooled 
type of shockproof, beryllium window x-ray tube. A large x-ray intensity 
with a maximum rating of two million roentgens per minute was made possible 
by the use of a thin beryllium window which, as part of the tube envelope, 
was the only element of inherent filtration. For this experiment, the 
unit was operated with a tungsten target at 40,000 volts and 20 milli-
amperes. 
Figure 6 is a photograph of the power supply which is a Phillips 
x-ray diffraction unit type number 1204$, model number 500I. The power 
supply was equipped with special stabilizers to minimize fluctuations in 
the x-ray voltage and current. Several interlocking safety systemm were 
used to automatically turn off the power whenever abnormal operating 
conditions arose. The tube and power supply were well grounded for 
electrical safety. Flexible lead sheeting was used to shield the personnel 
from radiation exposures. 
Vaporization Chamber 
A photograph of the vaporization chamber is shown in Figure 7. 
This unit was constructed of stainless steel type 44? and had interior 
dimensions of 2 j/lj- inches I.D. and 12 inches in length. For the 
distillation runs, the chamber was seated in a graphite block which in 
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Figure 5. Machlett x-ray tube 
Figure 6. 50,000 volt power supply 
Figure 7. Vaporization chamber 
Figure 8. Spectrometer and accessory equipment 
turn rested in a resistance furnace, A water-cooled slide valve was 
used as a removable condenser for many of the distillation rims. A 
1/2 inch I.D. stainless steel tube was welded to the chamber opposite 
the slide valve and provided the connection to the vacuum system. 
The vaporization chamber was designed with collimators to prevent 
an appreciable amount of backscattered x-radiation from reaching the 
crystal detector. A 1/8" I.D. stainless steel tube was chosen to produce 
the collimation of the mixed energy x-ray beam which impinged on the 
liquid-metal distilling surface. A 5/8" I.D. stainless steel tube was 
selected for use as the characteristic x-ray acceptor. The tubes were 
soft-soldered to the upper flange of the chamber. These collimators were 
positioned opposite each other at an angle of 6 degrees and 52 minutes 
from vertical such that the beams would coincide at the distilling surface 
eight inches below the flange. An excellent intersection was demonstrated 
by shining a beam of light through the small diameter tube and viewing 
the bright spot on the metal surface through the acceptor tube. This 
intersection was found to be insensitive to a one inch lowering of the 
liquid-metal surface level. All of the distillations performed in this 
chajnber involved surface level variations which were much less than 
this value. 
The collimators vere vacuum sealed by cementing O.OOO25 inch mylar 
sheeting to the top surfaces using Eastman 910 adhesive. Various tests 
proved that this extremely thin cover not only could withstand a one 
atmosphere pressure difference, but also was very impervious to penetra­
tion by air molecules. However, penetration of the mylar by lighter 
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helium molecules was found with a helium leak-detector. In all cases, 
the Eastman 910 adhesive seal proved to he free of detectable leaks. 
The migration of gas molecules across the mylar covering was slow enough 
to allow vacuums of better than 0.03 microns to be obtained in the chamber. 
Calculations indicated that the 0.00025 inch mylar window together with 
a vacuum of one micron would insure a negligible attenuation of the 
characteristic x-rays in passing from the distilling metal surface to 
the radiation detector. 
Other features of the distillation chamber included neopreme o-ring 
vacuum seals at the top flange and slide valve, and a standard Conax 
vacuum fitting for introduction of a thermocouple to measure the distill­
ation temperature. 
Vacuum System 
The vaporization chamber was evacuated using a fore pump and diffusion 
pump in series. The diffusion pump was a H-2-P three-stage model by the 
National Research Corporation. Narcoil 20 diffusion pump oil was used 
and the pumping speed was rated at l48 cubic feet per minute. The fore 
pump was a Welch l405H Duo-Seal unit with a rating of 53.8 liters per 
minute. 
A silver-soldered copper manifold system was constructed to connect 
the fore pump, diffusion pump, and distillation chamber which were arranged 
in series. A line bypassing the diffusion pump was included to allow for 
rapid pumpdown from atmospheric pressure. Using this system, the distill­
ation chamber could be pumped from one atmosphere to less than one micron 
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in approximately one minute. This rapid evacuation of the chamber was 
necessary at the beginning of each distillation run. 
The vacuums in this experiment were measured with a 501 thermo­
couple guage and a 507 ionization guage, both by the National Research 
Corporation. These devices were inserted into the manifold at a location 
adjacent to the distillation chamber. It was assumed that the vacuums 
indicated by the guages were representative of the conditions inside the 
chamber, since the conductance was good and the chamber volume small. 
Spectrometer Equipment 
Figure 8 is a photograph of the spectrometer and accessory equipment, 
not including the scintillator probe. 
The radiation detector was a North American Phillips proportional 
counter attachment, type 52250. It consisted of a lead-shielded single 
crystal of thallium-activated sodium iodide, which was hermetically 
sealed, light tight, and optically joined to a light pipe. The character­
istic x-rays which passed through the thin beryllium window produced a 
flash of light in the sodium iodide scintillator, which was transmitted 
through the light pipe to the photocathode of the photomultiplier tube. 
The photomultiplier was a Dumont phototube type 6291, which was 
electronically connected to a high voltage power supply and a voltage 
stabilizer unit. The photoelectrons emitted at the cathode were multiplied 
roughly one million times by the photomultiplier tube. The resulting 
current pulse passed through the preamplifier and the amplifier and 
produced a voltage pulse at the input of the differential single-channel 
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pulse-height analyzer, a Radiation Counter Laboratories model type 2204. 
The single-channel analyzer consisted of two discriminators connected 
in parallel in an anti-coincidence circuit. This circuitry enabled the 
determination of the energy spectrum of the radiation incident on the 
scintillation crystal. A special high-speed scalar was used to monitor 
the output of the single-channel analyzer. 
Assembly and Operation of Equipment 
The assembled equipment excluding the radiation shielding is shown 
in Figure 9- Not visible in the photograph are the fore pump and the 
voltage stabilizers. The goniometer equipment atop the 50,000 volt 
power supply was not used in this research. 
Prior to a distillation run, the chamber and graphite crucible were 
outgassed at 700-800 °C for several hours. The vacuums measured in this 
period usually ranged from 0.5-50 microns. The system was then allowed 
to cool overnight under vacuum. 
The metal samples were prepared from 99.999^  purity stock. The metals 
were etched with pure HCl for several minutes and placed in a bath of 
triple-distilled, deionized water for thirty minutes. The metals were 
then submerged in an acetone bath for five minutes, dried, accurately 
weighed, and placed in the outgassed vaporization crucible. The crucible 
was a cylinder of high-purity graphite with a l/k inch wall thickness. 
The crucible dimensions were 1 l/2 inches inside diameter and 2 inches 
deep. The crucible was completely filled with the weighed metal pieces. 
The crucible was placed in the vaporization chamber at room 
temperature. A chromel-alumel thermocouple was inserted in a l/8 inch 
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Figure 9. Assembled equipment 
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diameter hole drilled in the crucible at the metal surface level. The 
chamber was evacuated and the system flushed several times with high-
purity argon. With approximately one atmosphere of argon in the chamber, 
the system was heated to the desired distillation temperature using the 
resistance furnace. The distillation was not begun until the crucible 
had been at a steady-state temperature for at least thirty minutes. 
During this period, the x-ray equipment was turned on and allowed to 
reach steady state at 40,000 volts and 20 mi111amperes. It was necessary 
to operate the spectrometer continuously for 48 hours prior to the run, 
to eliminate drifting. 
Distillation was started by rapidly evacuating the chamber. The 
system was pumped down by the fore pump alone for U5 seconds to bring the 
pressure below 200 microns. The diffusion pump was then connected into 
the system and after 15 additional seconds, the pressure was in the 
vicinity of one micron. The distillation was arbitrarily considered to 
have started when the meter read 20 microns. 
The surface concentration was determined by measuring the maximum 
peak count rate for each element. The time, temperature, and vacuum 
were also recorded. The time necessary to make a concentration measure­
ment was approximately one minute. A special data-taking procedure was 
used during the early parts of the run to shorten the time required to 
about 25 seconds* 
Whenever desired, the distilling surface was visually inspected by 
turning off the x-ray power, demounting the x-ray tube and scintillation 
probe, and viewing the surface through the acceptor tube. A flashlight 
beam was used to light the chamber via the smaller collimator tube. 
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In this manner, levels of turbulence and oxide contamination could 
be estimated. 
The distillation was terminated hy introducing an atmosphere of 
argon into the chamber and closing off the vacuum pumps from the system. 
The final bulk concentration was determined by two independent 
methods. The alloy weight loss was determined with an accurate balance 
and the lost mass assumed to be the volatile component alone. The other 
method involved remelting and stirring of the alloy followed by a rapid-
freezing to insure homogeneity. The resulting solid sample was then 
analyzed with the x-ray fluorescence equipment in the usual manner. 
Throughout the tests, these methods gave excellent agreement with each 
other. 
RESULTS 
Surface concentrations were continuously measured for a total of 12 
distillation runs involving the indium-zinc, cadmium-bismuth, and tin-zinc 
systems. Various levels of turbulence, oxide contamination, and tempera­
ture were investigated. The experimental data are presented graphically 
in Figures lU-25 of Appendix C. 
The results of a typical distillation run are given in Figure 10. 
The surface concentration of zinc, the volatile component, was found to 
drop far below the bulk concentration during the distillation. Figure 11 
is a plot of Cg/C^  for this run. Similar concentration gradients were 
observed for all distillations except those involving a high degree of 
surface turbulence. Surface depletion factors (Cg/cJ) as low as 0.37 
were measured. The magnitude of this effect appeared to be limited 
principally by the distillation rates obtainable in the equipment used. 
It is believed that this experimental evidence provides the first 
direct proof of the existence of the surface depletion effect in metal 
distillations. These results indicate that serious errors may result 
from assuming the liquid diffusion resistance to be negligible for 
distillations carried out under non-turbulent conditions as was done by 
Spendlove (25), Meinke (22), and others. This finding also suggests 
that surface depletion may cause Isirge errors in the determination of 
thermodynamic data for alloys using valorization methods, confirming the 
suspicions of Hultgren, Orr, Anderson, and Kelley (l5). 
The results of this experiment support the contention of Davey (4), 
Endebrock and Engle (6), and several others (l8, 26, 27), that the liquid 
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diffusion resistance would lower the enrichment and rate of distillation 
unless mechanical agitation were provided. However, these investigators 
appear to have greatly overestimated both the extent of the surface 
depletion effect and the level of turbulence necessary to eliminate it. 
In most runs, the surface concentration dropped sharply during 
the first ten minutes followed by a gradual leveling-off period. This 
effect is illustrated in Figure 12 for several of the experimental runs. 
The surface depletion was observed to be much less severe than that 
encountered by Hickman in the molecular distillation of organic chemicals. 
This result is not surprising in light of the extremely high diffusivities 
reported for liquid metals in the literature (usually between 10 ^  and 10 ^  
cra^ /sec). 
Equation 8 was tested with the experimental data and found to 
represent metal distillation behavior far better than the Langmuir-Knudsen 
equation. As an example. Figure 15 compares the experimental data of 
indium-zinc Run 4 with the predictions of the Langmuir-Knudsen equation 
and Equation 8. For this run, ^  was determined tô equal k.O x lO"^  
and this value was used in Equation 8, As seen in Figure 15, the 
experimental data do not agree perfectly with Equation 8, however, the 
transport phenomena approach appears to be a considerable Improvement 
over the Langmuir-Knudsen theory. Unfortunately this method will not be 
of practical use until correlations for the prediction of a and D become 
available. 
The surface conditions tested in this research ranged from shiny 
metallic surfaces to thick, dull and powdery oxide layers. It was 
impossible to determine the oxide concentration using x-ray fluorescence 
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methods due to the extremely low energy of the oxygen characteristic 
x-rays. Only very rough qualitative estimates were possible from the 
visual inspections. 
The oxide effects were somewhat less pronounced than expected. 
Oxide layers which appeared to be very heavy often resulted in distill­
ation rate reductions of less than 50-50^ . It was difficult to obtain 
surfaces sufficiently oxidized to lower the rate by a factor of ten. 
In addition to lowering the rate of distillation, the presence of oxides 
had a stabilizing effect on the liquid metal surfaces. Oxidized surfaces 
were observed to be less turbulent than clean surfaces when exposed to 
the same level of agitation. These results may not be general for all 
alloy systems due to the widely varying properties of metals and their 
oxides. 
There is presently no good method available for predicting distill­
ation rates from oxidized metal surfaces, despite the great practical 
importance of this case. Unlike the surface depletion effect, the oxide 
resistance cannot be eliminated in many cases. At the moderate vacuums 
of commercial interest (10~^  to 10 microns), oxygen is constantly introduced 
into the system. In many cases, the oxides may be gettered from the 
liquid metal by use of reducing agents. However, many metals cannot be 
treated in this way since they themselves are strong reducing agents. 
Examples of this type are plutonium, calcium, tantalum, and aluminum. 
Visual Inspection during the experimental runs"revealed the distill­
ing metal surfaces to be very unstable. It was found that turbulent 
surfaces could be produced by applying slight vibrations to the chamber. 
Figures 21 and 25 depict distillation runs in which the chamber was 
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subjected to vibrations from the fore-pump. In both cases, no concentra­
tion gradients between the bulk and surface of the liquid metal could be 
detected despite a high rate of distillation. It was concluded that the 
vibrations produced enough mixing to eliminate the liquid diffusion 
resistance. This result indicates that the surface depletion problem is 
easily overcome and that the expensive falling-film and mechanically-
stirred commercial units presently used for metal distillations may be 
unnecessary. It appears that much simpler designs could be proposed 
which would feature lower equipment costs, equivalent distillation 
rates, and improved enrichments (due to reductions in entrainment and 
splattering). 
The results of this experiment indicate that the great amount of tech­
nology built up by Hickman for the separation of high molecular weight 
organic chemicals is not entirely applicable for liquid metal distillation. 
The distillation of metals is a unique process in the following respects: 
(l) High molecular diffusivities greatly reduce the surface depletion 
problem, (2) Vigorous agitation may be unnecessary (and sometimes 
undesirable) due to the unstable nature of liquid metal surfaces, (3) It 
is often impossible to avoid surface oxides which form a barrier to the 
vaporizing molecules, and (4) The corrosive nature of liquid metals 
requires the use of specialized materials of construction. 
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CONCLUSIONS 
The following conclusions can be drawn from the results of this 
experiment : 
(1) The existence of a large surface depletion effect in non-
turbulent metal distillations has been proven. 
(2) The level of turbulence necessary to eliminate this effect is 
much lower than that assmied by several designers of commercial 
equipment. 
(5) The presence of surface oxides is often the dominant factor in 
determining the enrichment and rate of distillation. 
(4) The LangmuLr-Knudsen theory is unreliable for metal distill­
ations since the frequently important factors of surface 
depletion, oxide barriers, and irreversibility are ignored. 
(5) The eventual description of metal distillation behavior using 
the methods of transport phenomena is very promising. 
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RECOMMEUmilONS FOR FUTURE RESEARCH 
(1) An attempt should be made to develop a correlation for the 
estimation of distillation rates from oxidized metal surfaces. 
(2) The method of measuring liquid metal diffusivities developed 
in this project should be investigated. This technique has the potential 
of providing values of D of much higher accuracy than the sparse data 
available in the literature.. 
(5) The vaporization chamber should be modified to allow operation 
at higher tençeratures. Tests could then be made to determine the effect 
of higher distillation rates. The apparatus would also be more versatile 
in that several additional metal systems could be tested. 
(4) A time-of-flight mass spectrometer could be modified for the 
measurement of the velocity distribution of a beam of metal molecules. 
This information would be valuable in determining the basic mechanisms 
of the evaporation and condensation processes. Also, the validity of 
the Maxwell-Boltzmann assumptions made for Knudsen experiments could be 
tested. 
(5) Pilot plant studies of metal distillation units equipped with 
vibrators should be made. 
(6) An analytical solution of the molecular distillation problem 
should be attempted using more rigorous assumptions and boundary conditions. 
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NOMENCLATURE 
A area of distilling surface 
concentration of component A, gm/cm^  
C concentration of volatile component in bulk of liquid 
Cg surface concentration of volatile component 
D molecular diffusivity, cm^ /sec 
E "eddy" diffusivity tensor 
I unit tensor 
diffusion flux of component A, gm/sec-cif 
M molecular weight 
N number of molecules in the volume under consideration 
P equilibrium vapor pressure 
equilibrium vapor pressure of pure A at the temperature of the 
system 
r coefficient of reflection, the fraction of incident vapor 
molecules which strike the distilling surface and reflect 
without condensing 
R gas constant 
t time, minutes 
T absolute temperature 
velocity component in the x direction 
W rate of evaporation 
rate of evaporation of component A 
 ^ total weight distilled, gm 
U5 
distance, cm 
mole fraction 
surface escapaMlity, cm/sec 
activity coefficient of component A in the liquid phase 
k6 
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APPENDIX A 
Consider a static binary system of two liquid metals, A and B, 
being distilled isothermally from a graphite crucible. The following 
assumptions are made: 
1. Radial diffusion is negligible. 
2. Component B is non-volatile. 
3. Eddy mixing is negligible. 
4. The rate of diffusion in the liquid phase is proportional to the 
Taking a mass balance around a differential element of thickness dx, 
where this element is located at a depth x below the distilland surface, 
we use the relationship: 
input - output = accumulation 
concentration gradient. 
Rate of output = -D  ^^ (A) 
Rate of accumulation = ^  [A x (A)C^ ] 
The material balance is then 
ÔX X + A X 
a r .  
X + A X 
This may be written 
ÔC 
2^ Q 
Taking the limit as x-»0, we get D( ) = ^  
N 2 Ou 
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APPENDIX B 
Consider the following boundary value problem: 
Initial condition: (x,0) = C 
Boundary condition 1: C (œ,t) = C 
ac " 
Boundary condition 2: = - «(Cj^)x=o 
In order to get a zero initial condition, let Z = (C^ - . This 
transforms the problem to the following form: 
Initial condition: Z(x,0) = 0 
Boundary condition 1: Z(oo,t) =0 
Boundary condition 2: ~ + '^o^x=0 
Taking the Laplace transform of both sides of Equation 11 and inte­
grating, the following relationship is obtained: 
00 00 
D y e'Gt (^) dt = / e'St (||) dt (12) 
0 ' 0 
Assuming that the orders of integration and differentiation can be 
interchanged for the left-hand-side of Equation 12, and integrating the 
right-hand-side by parts, we get: 
D -£• f"z at = [Z e-=*]Î7 + s fz e"" at 
ax" 4 i 
The term in the square brackets vanishes at t = 0, due to the trans­
formed initial condition, and at t = m through the exponential factor. 
51 
This results in the following equation: 
D (—) = s Z 
where 
Z = e 'St z at 
This my he written in the following form: 
ôx^  
- (g) z = 0 (15) 
Using the substitution, = q ), the following solution of Equation 13 
may be written: 
Z = e k^ and kg are constants. 
However, from transformed boundary condition 1, Z must be finite at 
the x-value of infinity. Therefore kg must equal zero and the equation 
can be written, 
Z = k, e •qx (14) 
Taking the Laplace transform of boundary condition 2 and solving the 
resulting expression, we get. 
qc. 
a z + 
Substituting Equation llj- into this expression, 
à(kj_ 
_ x=0 
D àx e 
.gx a Co 
x=0 
Solving this equation for k^, we find, 
a C 
^1 " • s(a + Dq) 
Therefore, by substituting this value for k^ into Equation l4 the follow­
ing relationship is found; 
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z = 
a Cl e 
0 
•qx 
Ds (g + q) 
(15) 
From Crank ($), "Mathematics of Diffusion", Table 2.2, Item l4, the 
inverse Laplace transformation for Equation 15 is listed: 
OC 
Z = -(-^ ) \ (^ ) erfc(-#=-)- (2) exp(^  + 2^ )erfc 
 ^  ^ 2 f Dt G  ^ ]f L. 2'fDt ^ 
Transforming the equation back to units, this equation reduces tu: 
exp(S + erfc 
i;;r D 2lDt 
eft (16) 
Equation 16 gives the concentration of volatile component A as a 
function of: (l) depth within the melt, x, (2) time of distillation, t, 
(5) diffusivity of component A in the AB molten alloy, D, (4) evaporation 
coefficient, a, and (5) the bulk concentration, C^ . 
The surface concentration is given by Equation 16 and the condition, 
X equals zero. Substituting this value into Equation 16 the following 
result is obtained: 
o2+ 
Cg = exp (—) erfc " Qpt 
D (17) 
This equation relates the surface depletion of the system to the 
physical property (^ ), and the distillation time, t. 
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Figure 25, Zinc-tin Run 4 
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Figure 2h. Zinc-tin Run 5 
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Figure 25. Zinc-tin Rim 6 
